The modular design of plants enables individual plant organs to manifest autonomous functions [1] and continue aspects of metabolism, such as respiration, even after separation from the parent plant [2] . Therefore, we hypothesized that harvested vegetables and fruits may retain capacity to perceive and respond to external stimuli. For example, the fitness advantage of plant circadian clock function is recognized [3, 4] ; however, whether the clock continues to influence postharvest physiology is unclear. Here we demonstrate that the circadian clock of postharvest cabbage (Brassica oleracea) is entrainable by lightdark cycles and results in enhanced herbivore resistance. In addition, entrainment of Arabidopsis plants and postharvest cabbage causes cyclical accumulation of metabolites that function in plant defense; in edible crops, these metabolites also have potent anticancer properties [5] . Finally, we show that the phenomena of postharvest entrainment and enhanced herbivore resistance are widespread among diverse crops. Therefore, sustained clock entrainment of postharvest crops may be a simple mechanism to promote pest resistance and nutritional value of plant-derived food.
Daily environmental dynamics are consequences of the earth's rotation and occur with predictable 24 hr periodicity. Diverse organisms have evolved genetic circuits able to maintain 24 hr oscillations. Biological circadian clocks become entrained in phase with the environment through external stimuli, such as light and temperature. Oscillator phasing can be shifted by re-entrainment, which is critical for organisms to adapt to new environments, as occurs in jet-lag recovery in humans. Phase entrainment of individual cells is also essential in multicellular organisms, such as plants, that have only weak coupling among cellular clocks [6, 7] . Entrainment synchronizes distributed cellular clocks, resulting in tissues or organisms displaying emergent circadian behaviors. Without continued exposure to entrainment stimuli, cellular clocks within a tissue become asynchronous [7] [8] [9] [10] . Therefore, under constant light or darkness, the emergent circadian behaviors that derive from synchronous cellular clocks become progressively dampened in rhythmicity and are lost.
Arabidopsis Glucosinolates Accumulate with Circadian Periodicity Proper entrainment of the plant circadian clock is critical for herbivore resistance [4] . After clock entrainment, a major plant defense hormone, jasmonate, accumulates under circadian control in Arabidopsis [4] . The daily hormone accumulation in plants precedes the daily increase in feeding behavior by Trichoplusia ni larvae [4, 11] , consistent with the plant clock enabling anticipation of herbivore attack. Because jasmonates partially control the accumulation of antiherbivore metabolites, including glucosinolates [12] [13] [14] , and because jasmonate accumulation, insect resistance, and expression of genes encoding enzymes for glucosinolate synthesis are clock controlled [4, 15] , we hypothesized that glucosinolates may accumulate with circadian periodicity. To test this hypothesis, we grew Arabidopsis plants under 12 hr light-dark cycles for 3 weeks to entrain the clock and then placed them under constant-light conditions; under such free-running conditions, clock-controlled outputs maintain approximate 24 hr rhythms for several periods. Figure 1A shows that total glucosinolate accumulation varied over 3-fold depending upon the time of day; total glucosinolates increased in accumulation at subjective dawn (24 hr) and were elevated during subjective day and then underwent a rapid decline at subjective dusk (12 and 36 hr). When examined individually, several glucosinolates accumulated to higher levels in subjective day than subjective night, although there were variations in amplitude and magnitude (Figure S1A available online). The circadian accumulation of these metabolites closely followed the accumulation phase of jasmonate [4] and indicates that glucosinolate synthesis may be under clock control. The circadian accumulation of glucosinolates may underlie, at least in part, the reported [4] differential resistance of Arabidopsis to insect attack resulting from clock entrainment. To test this idea, we monitored clock-dependent herbivore resistance in a glucosinolate-deficient mutant using methods previously described [4] and illustrated schematically in Figure S1B . As previously reported [4] , wild-type Arabidopsis entrained with 12 hr light-dark cycles that were in phase with the light-dark cycles used to entrain the generalist herbivore Trichoplusia ni showed greater herbivore resistance than wild-type Arabidopsis entrained with light-dark cycles that were 12 hr out of phase with the light-dark cycles used to entrain T. ni ( Figures 1B and 1C) . In comparison to phase-dependent resistance in the wild-type, the resistance benefit resulting from in-phase versus out-of-phase entrainment was significantly reduced in the Arabidopsis myb28myb29 mutant [16, 17] (Figures 1B and 1C ; p < 0.05, two-way interaction ANOVA). The myb28myb29 mutant lacks the ability to generate aliphatic glucosinolates [16, 17] ; therefore, the loss of entrainment benefit in myb28myb29 indicates that aliphatic glucosinolate accumulation plays a major but not an all-encompassing role in conferring the clock-mediated T. ni resistance of Arabidopsis. However, in-phase entrainment of myb28myb29 did confer greater resistance than out-of-phase entrainment ( Figures 1B  and 1C) , suggesting that either the indolyl glucosinolates that remain in the myb28myb29 mutant [16, 17] or other clock-dependent metabolites, unrelated to glucosinolates, may also contribute to entrainment phase-dependent differential resistance of Arabidopsis to T. ni herbivory. Furthermore, the out-of-phase-entrained myb28myb29 plants experienced even greater destruction by herbivory than similarly entrained wild-type ( Figures 1B and 1C) , suggesting that MYB28 and MYB29 are required for additional basal resistance that is independent of clock function.
The Circadian Clock of Postharvest Cabbage Can Be Entrained by Light-Dark Cycles, and In-Phase Entrainment with T. ni Promotes Plant Resistance and Rhythmic Accumulation of Glucosinolates Because glucosinolate accumulation is under circadian control in Arabidopsis ( Figures 1A and S1A) , we reasoned that differential glucosinolate accumulation may occur in other clock-entrained Brassicaceae family members, including food crops. Glucosinolates may affect flavor and, more importantly, have been identified as potent anticancer phytochemicals [18] ; therefore, differential accumulation over time could impact the palatability and health value of edible crops. Furthermore, because plants are modular in design [1] and isolated organs can remain metabolically active postharvest [2] , we hypothesized that crops, even days after harvest, may be capable of perceiving clock-entrainment light cues that could synchronize circadian clock phasing.
To test this hypothesis, we first examined whether grocery-purchased postharvest cabbage, Brassica oleracea, a relative of Arabidopsis, demonstrates circadian behavior after light-dark cycle entrainment. We monitored entrainment-dependent differential herbivore resistance of postharvest cabbage similarly as demonstrated for Arabidopsis in Figures 1B and 1C. To determine whether postharvest cabbage defenses were clock entrainable, we exposed 3 cm disks of freshly purchased cabbage leaves to 12 hr lightdark cycles that were either in phase or 12 hr out of phase with the light-dark cycles used to entrain T. ni larvae. The larvae were then allowed to feed on the plant tissue under constant conditions. As seen with Arabidopsis ( Figures 1B  and 1C ), in-phase entrainment of the cabbage host with T. ni resulted in enhanced plant resistance relative to that of plant tissues entrained out of phase with the herbivore (Figures 1D and 1E ). Cabbage disks entrained out of phase with the T. ni larvae suffered visibly more tissue damage ( Figure 1D ) and lost approximately 20-fold more tissue weight ( Figure 1E ) than did disks entrained in phase with T. ni. The T. ni larvae also grew larger when feeding on the cabbage entrained out of phase ( Figure 1F ), gaining more than half the weight on average ( Figure 1G ) of T. ni larvae entrained in phase relative to the cabbage host. The differential herbivore resistance of the cabbage tissues after in-versus out-of-phase entrainment provides strong evidence for the successful re-entrainment of the circadian clock in postharvest cabbage tissue.
Finally, similar to the glucosinolates of Arabidopsis (Figure 1A) , total cabbage glucosinolates accumulated with circadian rhythmicity in cabbage disks entrained with light-dark cycles ( Figure 1H ). Thus, light-dark cycles, even applied after harvest, can re-entrain the circadian clock of cabbage tissue disks and result in time-dependent herbivore resistance and rhythmic metabolite accumulation.
To determine whether the capacity for cabbage circadian clock re-entrainment is lost with increasing time postharvest, we analyzed the in-phase enhancement of resistance on cabbage disks entrained at different time points after purchase (Figure 2 ). Based on grocer information, we estimate that the cabbage was harvested between 24 and 72 hr before purchase. Cabbage for which 3-day entrainment started the day of purchase or 3 days after purchase showed less tissue damage due to herbivory when entrained in phase with T.ni compared to those subjected to out-ofphase entrainment conditions (Figure 2A ). Differential T. ni performance on in-phase-versus out-of-phase-entrained cabbage disks was also apparent when entrainment began either the day of purchase or 3 days after purchase ( Figures  2B and 2C) . In contrast, delay of the start of the entrainment until 6 or 9 days after purchase resulted in no significant differences in apparent tissue damage (Figure 2A) performance ( Figures 2B and 2C ) resulting from entrainment phase. These results indicate that the capacity of postharvest cabbage to be re-entrained may decay about 1 week after harvest.
Postharvest Circadian Clock Entrainment of Cabbage Promotes Resistance to T. ni Herbivory
The demonstration that light-dark cycles re-entrained the clock of postharvest cabbage (Figure 1 ) suggests a potential use for light-dark cycles during storage of postharvest crops for promotion of pest resistance. Therefore, we next addressed whether entrainment confers enhanced resistance in postharvest cabbage relative to cabbage lacking re-entrainment and instead stored under constant conditions. To test whether cyclical lightdark treatments enhance T. ni resistance in postharvest cabbage, we compared T. ni damage on cabbage tissue disks incubated under light-dark cycles to herbivore damage on cabbage disks kept under constant light or constant darkness. Cabbage disks maintained in light-dark cycles suffered fewer visible lesions and less tissue loss after incubation with T. ni than disks maintained under constant light or darkness and incubated with T. ni ( Figures 3A and 3B) . Consistent with enhanced host resistance conferred by light-dark cycles, T. ni performance, assessed by overall size and weight gain, was at least 2-fold reduced when fed on cabbage disks subjected to light-dark cycles as opposed to those fed disks stored under constant light or darkness ( Figures 3C and 3D) . Finally, under choice conditions in which entrained T. ni larvae were placed among multiple disks, some of which were entrained by in-phase light-dark cycles and others of which were kept in constant-light conditions, the in-phase-entrained disks had significantly less tissue damage due to herbivory than did the disks kept in constant light ( Figure 3E ). Together, these results strongly support the conclusion that maintenance of postharvest cabbage under cyclical light-dark conditions can be advantageous with respect to insect herbivore resistance and that storage of postharvest cabbage in either constant light or constant darkness may make the crop more susceptible to herbivory.
Postharvest Circadian Clock Entrainment of Cabbage Promotes Rhythmic Accumulation of Glucosinolates, Including the Anticancer Phytochemical 4MSO
Glucosinolates play a major role in herbivore defense of cruciferous plants [19] , and, as shown in Figures 1 and   S1A , glucosinolate accumulation is under circadian regulation in Arabidopsis and cabbage (B. oleracea). Therefore, we next determined whether herbivore resistance of postharvest cabbage conferred by sustained light-dark cycles ( Figures 3A-3E ) is reflected in rhythmic glucosinolate accumulation. Indeed, a subset of glucosinolates accumulate with circadian rhythmicity in cabbage subjected to lightdark cycles (Figures 3F and S2) , similar to that detected in cabbage tissues that were entrained by rhythmic light-dark stimuli and then maintained for 3 days under constant free-running conditions ( Figure 1H ). Of particular interest is 4-methylsulfinylbutyl (4MSO), a cabbage glucosinolate identified as a beneficial phytochemical because of its anticancer and antimicrobial activities [5, 20] . Figure 3F shows clear circadian regulation of 4MSO accumulation in re-entrained cabbage, with peaks at 8 and 28 hr. Cyclical glucosinolate accumulation is largely lost in cabbage tissues maintained under constant light or darkness ( Figures 3F  and S2 ), demonstrating that there is likely loss of clock synchronicity with respect to glucosinolate accumulation among the cells of postharvest cabbage when maintained under constant conditions. These results suggest that light-dark storage of postharvest cabbage combined with timed preparation, preservation, and/or consumption to coincide with peak accumulation points may enhance the health value of the food crop. For example, cabbage stored under 12 hr light-dark cycles may provide as much as 2-to 3-fold more 4MSO phytochemical if the cabbage were ingested 4 to 8 hr after initiation of the light period than if the cabbage were stored under constant light or darkness.
The experiments described above were conducted on crop materials maintained at 22 C; however, harvested cabbage may also be stored under refrigerated (4 C) conditions. Therefore, we next sought to determine whether glucosinolates cycle in cabbage stored under refrigeration. Figure 3G shows that cabbage 4MSO accumulation also showed circadian regulation, with peak levels during the light periods and reduction during the dark periods, when the crop was stored under light-dark cycles at 4 C. However, the 4MSO levels were lower in the cabbage tissue stored at 4 C than in that stored at 22 C ( Figures 3F and 3G ). 4MSO accumulation lacks a cyclic pattern in cabbage tissues maintained under constant light or darkness at 4 C ( Figure 3G) . A subset of other glucosinolate species also showed similar accumulation patterns at 4 C; that is, cabbage disks subjected to lightdark cycles, unlike disks stored in constant conditions, accumulated a subset glucosinolates with circadian periodicity ( Figure S2 ).
The Circadian Clock of Diverse Postharvest Crops Can Be Entrained and Promotes Resistance to T. ni Herbivory We next wanted to determine whether the clocks of other human food crops, including those outside the crucifer family, could also be re-entrained by light-dark cycles. Therefore, we again assayed for circadian function by assessing whether enhanced resistance to T. ni results from in-phase entrainment of postharvest crops compared to out-of-phase entrainment relative to T. ni ( Figure S1B ). Figure 4 demonstrates that lettuce, spinach, zucchini, sweet potatoes, carrots, and blueberries subjected to light-dark cycles in phase with T. ni had visibly reduced tissue damage ( Figure 4A ) and quantitatively more tissue remaining ( Figure 4B ) after the herbivore challenge than comparable crops entrained out of phase with T. ni ( Figures 4A and 4B) . Furthermore, T. ni performance, as measured by weight gain after feeding, was reduced on all of the different vegetables and fruits that were entrained in phase with T. ni relative to performance on plants entrained out of phase with T. ni ( Figures 4C and 4D ). This time-dependent T. ni-resistance bioassay is strong evidence that the circadian clock of diverse vegetables and fruits can be re-entrained after harvest. Because these crops are not crucifers and therefore lack glucosinolates, the metabolites important for herbivore defense in these crops remain to be determined. However, these results comparing in-phase and out-of-phase entrainment indicate that diverse plant organs can remain receptive to light-dark cycles as clock entrainment cues and that, as found for Arabidopsis [4] , inphase entrainment enhances resistance against a generalist herbivore, T. ni.
Summary and Implications
In summary, this work demonstrates that plant accumulation of glucosinolates, herbivore resistance, and human nutritional value are under circadian clock regulation. Furthermore, the clock control over glucosinolate accumulation can continue to function in postharvest cabbage and during 4 C storage. The simple stimulus of light is sufficient to entrain the clock not only of postharvest cabbage but also of diverse noncrucifer postharvest vegetables and fruits. These results suggest that new postharvest storage practices for vegetables and fruits that include clock entrainment may profoundly impact diverse metabolite accumulation in many crops and thereby overall edible crop health value. Additionally, clock-mediated behavior of postharvest vegetables and fruits may be an important, yet previously unrecognized, aspect of nutrition or phytochemical analyses that should be included in future studies of plant crops. 
